BACKGROUND: In the current study we present a validated miRNA signature to predict pathologic complete response (pCR) to neoadjuvant chemoradiation in esophageal adenocarcinoma. METHODS: Three patient cohorts (discovery, n 5 10; model, n 5 43; and validation, n 5 65) with locally advanced esophageal adenocarcinoma were analyzed. In the discovery cohort 754 miRNAs were examined in pretreatment tumor biopsy specimens using a TaqMan array. Of these, the 44 most significantly altered between tumors with pCR and non-pCR were examined in an additional 43 tumors using a Fluidigm 48.48 array. The 4 miRNAs (mir-505*, mir-99b, mir-451, and mir-145*) significantly predicting pCR in both cohorts were examined in an additional validation cohort (n 5 65) using an Illumina array. These 4 miRNAs were used to generate an miRNA expression profile (MEP) score. RESULTS: The 4 miRNAs profiled are highly significantly associated with pCR in the model cohort (P trend 5 .008), the validation cohort (P trend 5 .025), and the combined cohort (P trend 5 4.6 3 10 24 ). The receiver-operator characteristic areas under the curves (AUCs) for the MEP score were 0.78 for the model cohort, 0.71 for the validation cohort, and 0.72 for the combined cohort. When combined with clinical variables, the MEP score AUCs increased to 0.89, 0.77, and 0.81, respectively Estimates from logistic regression based on the MEP were determined and used to generate a probability of pCR plot, which identifies a group of patients with very high (80%) and very low (10%) probability of pCR. CONCLUSIONS: The MEP score provides a validated means of predicting pCR to neoadjuvant chemoradiotherapy in esophageal adenocarcinoma that is robust across several analysis platforms. Cancer 2014;120:3635-41.
INTRODUCTION
The incidence of esophageal adenocarcinoma is on the rise in the United States and Europe, with the majority of patients diagnosed with locally advanced disease. 1 Although treatment strategies vary, in many instances, patients are treated with preoperative chemoradiotherapy followed by surgical resection. This approach has been validated recently in a randomized trial, with improved survival using neoadjuvant chemoradiation followed by surgical resection compared with surgery alone. 2 Based on this trial and others, pathologic complete response (pCR) rates around 25%-30% are expected after this therapy. 3 Because of the significant morbidity of surgical resection, definitive chemoradiotherapy alone has also been explored. 4 Recently a phase II trial investigated this approach in patients with complete response assessed by endoscopic and/or imaging methods, with the encouraging outcome of a 1-year survival rate of 71%. 5 However, close to 50% of these patients eventually required surgical salvage within the relatively short follow-up period. This inability of clinical methods to accurately predict response to chemoradiation in esophageal adenocarcinoma has been demonstrated elsewhere. [6] [7] [8] Thus, the ability to practice a selective surgical approach is severely hampered. In addition, a significant proportion of patients' tumors are highly resistant to standard chemoradiotherapy and may progress during treatment. 9 This group of patients may be best served with some combination of upfront surgical resection and enrollment in a clinical trial. However, at present no method exists to predict a priori with any reasonable degree of accuracy the sensitivity to therapy of any particular esophageal adenocarcinoma.
The most promising approach to predicting response to therapy in this disease likely involves a combination of biomarkers that would be easily quantifiable, translatable across multiple assessment platforms, and, most importantly, replicable. One relatively novel target of investigation in this area is micro-RNAs (miRNAs). These short, noncoding RNA strands function as negative regulators of gene expression. 10 One miRNA can regulate hundreds of targets, leading to a broad variety of effects on cellular function. miRNA expression has been evaluated in the context of sensitivity to therapy in esophageal cancer, with expression of several miRNAs linked to radiotherapy and chemotherapy sensitivity in vitro and in vivo. 11, 12 In addition, several small studies have linked expression of individual miRNAs to outcomes in esophageal adenocarcinoma. 13, 14 However, to date no studies have provided a robust, replicable predictive model of response to therapy in this disease.
The current study was performed to generate a model of predicting response to chemoradiation in esophageal adenocarcinoma using miRNA expression, with the goal of assisting in the individualized management of this disease.
MATERIALS AND METHODS

Patient Population
Patients with esophageal adenocarcinoma treated with neoadjuvant chemoradiotherapy followed by surgical resection at The University of Texas MD Anderson Cancer Center (UT MDACC) from 2002 to 2009 were eligible for this study. Treated patients with distant metastasis at the time of diagnosis were excluded. A total of 3 patient cohorts treated in this manner were examined: 1) a discovery cohort (n 5 10), 2) a model cohort (n 5 43), and 3) a validation cohort (n 5 65). Clinical characteristics of each patient cohort are seen in Table 1 . Pathologists at UT MDACC scored the tumor resection specimens. Pathologic complete response (pCR) was defined as the complete absence of tumor cells in the resected surgical specimen. The UT MDACC institutional review board approved this study.
miRNA Extraction and Expression
RNA was isolated from pretreatment tumor biopsy specimens as described previously. 15 Briefly, miRNA was extracted from pretreatment biopsy specimens using an mirVana miRNA Extraction Kit (Ambion). A NanoDrop Spectrophotometer (Thermal Scientific) was used to quantify the specimens as well as assess the purity of the RNA. In addition, the spectrum of each specimen was visually analyzed to ensure that all profiled samples had a normal spectral profile. These samples were analyzed for miRNA expression using 3 separate platforms: TaqMan Human MicroRNA Card Set v3.0 (Applied Biosystems), Fluidigm 48.48 Dynamic Array (Fluidigm), and Illumina Human MicroRNA expression beadchip v2.0 (Illumina) per the manufacturers' instructions. Our discovery cohort was assayed using a TaqMan array, the model cohort was assayed using a Fluidigm array, and our validation cohort was examined using an Illumina array. This was done to ensure validity across multiple assay platforms. Each miRNA assay was tested in duplicate, and the mean Ct value was normalized to the averaged expression of spikein miRNAs cel-39 and cel-54 and then subjected to analysis using the 2 2DDCt method. 16 For the Taqman array, miRNAs detected in less than 20% of samples were excluded from analysis.
Statistical Analysis
The primary outcome for this study was the presence of pCR after concurrent chemoradiotherapy and surgical resection. In the discovery cohort, a total of 754 miRNAs were analyzed for association with pCR. The Student t test and Wilcoxon rank sum test were used to identify miRNAs differentially expressed between tumors with either a pCR or non-pCR. Of these, the most significant 44 miRNAs were analyzed via a Fluidigm array in the model cohort and used to generate the miRNA expression profile (MEP) score as described below. An Illumina miRNA expression array was used to analyze the expression of miRNA in the validation cohort. Individual miRNAs were dichotomized using the median as a cutoff (Fig. 1) . In both the model and validation sets, the MEP score for each patient was generated using a linear combination of the product of reference-normalized expression of each dichotomized miRNA by its logistic regression corresponding coefficient. 17 For pCR prediction, univariate logistic regression was performed and probability of pCR was then determined based on MEP score and either clinical stage or tumor grade based on the estimates from logistic regression. Receiver operating characteristic (ROC) curves and the corresponding area under the curve (AUC), 95% confidence intervals, and P values were generated for the MEP score, clinical stage, tumor grade, and a combination of these variables. Bootstrap resampling was carried out 10,000 times to assess the differences between the AUCs for each of the models. Statistical analyses were done using STATA software (v10, STATA Corporation). All P values were 2-sided; with a P .05 was considered statistically significant.
RESULTS
Clinical Characteristics
Three separate patient cohorts were used for this analysis.
The clinical characteristics of each cohort are shown in Table 1 . Disease was staged by using a combination of either computed tomography (CT) or positron emission tomography (PET)/CT and esophagogastroduodenoscopy/endoscopic ultrasonography (EGD/EUS) and with the AJCC 6th edition staging system. All patients were treated with concurrent chemoradiation to a dose of 50.4 Gy, with most receiving 5-fluorouracil (93.4%) and a platinum compound -cisplatin or oxaliplatin) (57%). All patients were then treated with a surgical resection, typically an Ivor-Lewis esophagectomy. Most patients were male (95%) and were relatively evenly balanced in clinical stage (40% II vs 53.4% III or IV) and tumor differentiation (well or moderate 48% vs poor 52%).
miRNA Expression
In the initial discovery cohort a total of 10 pretreatment esophageal tumor samples (5 pCR and 5 non-pCR) were analyzed. A total of 754 miRNAs were evaluated, of which 306 miRNAs showed moderate to high expression in the tumor samples. Median expression of each miRNA for pCR and non-pCR was calculated, and differences between groups were determined by t test (Supplemental Table 1 ). Expression of the miRNAs most able to discriminate between pCR and non-pCR in the discovery cohort were examined in the model cohort with a different platform (Fluidigm). A total of 44 miRNAs was assayed in pretreatment esophageal adenocarcinoma samples from the 43 patients in the model cohort, and differences in median miRNA expression between pCR and non-pCR groups were again determined (Supplemental Table 2 ). Four miRNAs were significantly differentially expressed between pCR and non-pCR groups in both the discovery and model cohort (miR-505*, miR-99b, miR-451, and miR-145*; Table 2 ).
miRNA Expression Profile (MEP) Score
To investigate the ability of these 4 miRNAs (termed hereafter as the MEP) to predict pCR, tumor samples were divided into high and low expression of each miRNA. The total number of low-expressing miRNAs for each tumor in the model cohort was determined. As shown in Figure 1A , the number of low-expressing miRNAs was highly associated with the probability of pCR in the model cohort (P trend 5 .008), with tumor samples exhibiting low expression of all 4 miRNAs having a close to 80% pCR rate (Fig. 1A) . To validate the ability of the MEP to predict pCR after chemoradiation, we examined the expression of each miRNA in pretreatment tumor samples from a cohort of 65 similarly treated patients using a different platform (validation cohort). Similar to the model cohort, the number of low-expressing miRNAs in the validation cohort was highly associated with pCR (P trend 5 .025; Fig. 1B ). In addition, the number of lowexpressing miRNAs was associated with pCR in the combined 2 cohorts (P trend 5 6 3 10
24
; Fig. 1C ). With these data we created a formula to calculate a risk score for each patient based on the 4 miRNAs in the MEP, weighted by logistic regression coefficient (MEP score). The ability to predict pCR was examined via ROC analysis of sensitivity and specificity for MEP score, clinical stage, tumor grade, and a combination of all 3 (Fig. 2) . The MEP score alone was significantly better at predicting pCR compared with common clinical variables in both patient cohorts as well as in the combined data set (Fig. 2) . In addition, a combination of clinical factors (stage and grade) with the MEP score significantly improved the model (P 5 3.6 3 10
230
; Fig. 2 ). To provide a clinically useable estimate of the probability of pCR for any given MEP score, estimates from logistic regression were used based on the MEP score and either clinical stage or tumor grade to generate a probability of pCR curve (Fig. 3) . As the MEP score increased, the probability of pCR increased in a near-linear fashion, regardless of clinical stage or tumor grade.
DISCUSSION
In the current study we have demonstrated the first validated miRNA signature to predict response to therapy in esophageal adenocarcinoma. Specifically, an MEP score derived from the expression of 4 miRNAs was highly predictive of pCR after neoadjuvant chemoradiation, across several different assay platforms. In addition, the MEP score could be used in combination with clinical stage and tumor grade to further improve its predictive ability. In this context, a group of patients with a high (>80%) probability of pCR after treatment can be identified.
Several clinical trials have shown the benefit of treating locally advanced esophageal adenocarcinoma with neoadjuvant chemoradiation. 2, 18 In fact, some clinicians have advocated reserving surgical resection for patients who present with clinically persistent disease or who present with clinically evident recurrence after chemoradiation. However, there is substantial discordance between clinical and pathologic complete response, with surgical salvage eventually required for a large proportion of patients treated with chemoradiation alone. 5 In addition, disease in some patients will progress during chemoradiation, delaying surgery or even becoming inoperable because of this delay. 9 No method has been found to identify at diagnosis those patients who will likely benefit from neoadjuvant chemoradiation and those patients better suited to upfront surgical resection and possible protocolbased therapy. Thus, a priori knowledge of complete response to therapy is crucial in moving forward with individualized management of this disease.
Much of the previous work examining the clinical relevance of tumor miRNA-based markers has investigated the prognostic significance of a specific miRNA in relatively small groups of patients. [19] [20] [21] [22] [23] [24] [25] [26] [27] These data, although interesting, provide no clinically actionable information regarding the management of esophageal cancer. The vast majority of esophageal cancer in the Western world is adenocarcinoma, in contrast with the East, where the predominant histology is squamous cell carcinoma. However, the vast majority of previous studies have either focused on the squamous population or consisted of a mixture of the 2 histologies. Those few studies that have broadly examined tumor miRNA expression to determine response to therapy are no exception. For example, Ko and colleagues examined miRNA expression in 25 esophageal cancer specimens, consisting of a mixture of squamous and adenocarcinoma histologies treated with chemoradiation. 13 In their study, several miRNAs were expressed at significantly different levels in pCR and non-pCR; however a profile predicting response could not be generated. Thus, the MEP score represents the first validated, predictive miRNA signature in esophageal adenocarcinoma. In additional, the MEP score was found to be predictive across 3 separate assay platforms, arguing for its broad applicability and against experimental artifact.
The current study did have several weaknesses. Our initial screen of 754 miRNAs did not assess the complete miRNA complement of the tumor; thus, the possibility exists that unprofiled miRNAs may have a greater predictive utility than those examined. In addition, by design, we focused solely on adenocarcinoma histology to provide the most relevant signature for the vast majority of cases of However, despite these weaknesses, the current study provides a robust platform to identify those patients who are highly favorable candidates for management with chemoradiotherapy alone as well as those patients for whom surgery is necessary and for whom alternate therapies may be appropriate. This is a necessary step in individualizing treatment of esophageal adenocarcinoma.
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